Introduction {#s1}
============

The membrane lipid composition of most tissues is dynamic and alters within days in response to diet ([@bib17]; [@bib23]) and weeks in response to exercise ([@bib22]). Indeed, cellular phospholipid turnover can be detected within minutes after intravenous injection of fatty acids ([@bib31]; [@bib26]; [@bib25]). However, in tissues where access to the metabolic machinery for membrane renewal is restricted, it is possible that some lipids are longer lived but this has never been shown. If long-lived lipids are present, the properties of the tissues in which they are incorporated may be influenced by the decomposition or modification of the lipidome over time. One tissue that can be used to examine this hypothesis is the ocular lens. There is no cellular turnover in the human lens ([@bib21]) and its center---a region known as the nucleus---is devoid of cellular organelles ([@bib2]).

In this study, accelerator mass spectrometry (AMS) was utilized to measure carbon-14 (^14^C) levels in lipids extracted from the human lens nucleus of donors covering a range of birth dates from 1948 to 1993. This approach exploits the global pulse of artificial atmospheric ^14^CO~2~ resulting from above-ground testing of nuclear weapons that occurred from 1955 until 1963 ([@bib19]; [@bib11]). The concentration of ^14^C has decreased exponentially from 1963 until the present day due to the exchange of atmospheric CO~2~ in the oceans and biosphere. The lens grows continuously throughout life by the addition of fiber cells to a pre-existing lens that was present at birth (the nucleus) ([@bib21]). Therefore, in the absence of turnover of cellular components, the ^14^C level of an individual\'s lens nucleus reflects the ^14^C abundance of the year in which they were born. If turnover occurs rapidly, ^14^C abundance reflects current levels present in the atmosphere, while an intermediate value would suggest a slower rate of exchange. Given this information, measurement of the amount of ^14^C present in a class of biomolecules allows the determination of the date of biosynthesis and the time the system ceased exchanging carbon with its surroundings, or the rate of exchange with its surroundings.

Results and discussion {#s2}
======================

We carefully dissected nuclei from individual human lenses of 23 donors of known birth dates. The average human lens nucleus is approximately 6--7 mm in diameter ([@bib12]). Therefore, to avoid contamination of fiber cells laid down postnatally, we cut a cylinder of 4.5 mm in diameter in the axial plane using a trephine, then removed 1 mm from either end as previously described ([@bib10]). Total lipids present in each lens nucleus were obtained using a well-established method that reports high yield of lipids and minimal protein contamination ([@bib9]). Since protein is the major component of lenses by mass and lens proteins are known to be present since birth ([@bib30]), the residual protein content of lipid extracts was determined using a standard BCA assay ([@bib27]). Residual protein was found to represent less than 0.5% of the total weight of carbon in the extract, and therefore a negligible contribution to the ^14^C measurement. Radiocarbon content in lens lipids was determined by AMS and was found to closely match the atmospheric levels of the date of birth ([Figure 1A](#fig1){ref-type="fig"}).10.7554/eLife.06003.003Figure 1.Analysis of lens membrane lipid ^14^C content demonstrates a lack of molecular turnover.(**A**) The fraction of modern ^14^C present in the membrane lipids of human lens nuclear regions. The lipid samples (•) are superimposed over the levels of artificial ^14^CO~2~ present in the atmosphere in the northern hemisphere (light gray) and the southern hemisphere (dark gray) from 1950 until 1990 ([@bib14]). (**B**) The correlation between the predicted year of birth as calculated from the measured fraction of modern ^14^C present in lens membrane lipids and the actual year of birth of each individual. The slope was approximately one (0.98 ± 0.04) and the y-intercept was indistinguishable from zero within the measured error (39 ± 75). Vertical error bars: ± sigma. Horizontal error bars: year of birth ± six months.**DOI:** [http://dx.doi.org/10.7554/eLife.06003.003](10.7554/eLife.06003.003)

As shown in [Figure 1B](#fig1){ref-type="fig"}, the fraction of ^14^C (f^14^C) present in the lipid extract from a human lens nucleus was found to be a highly accurate predictor of the year of birth (R^2^ = 0.9683), indicating negligible lipid turnover during the human lifespan. The values obtained for f^14^C for human lens nuclear lipids (and thus a predictor of the year of birth) obtained in the present study are consistent with previous reports on the f^14^C for insoluble protein fraction ([@bib30]) and total protein ([@bib21]) of the human lens nucleus.

Although radiocarbon dating has been previously utilized to examine the longevity of human tissues (e.g., tooth enamel \[[@bib29]\] and lenses \[[@bib21]\]) and biomolecules (e.g., insoluble proteins \[[@bib30]\] and DNA \[[@bib4]; [@bib28]; [@bib3]\]), the results presented here are the first demonstration of the existence of long-lived lipids in any animal. The lack of molecular turnover in the human lens lipidome may be due to its unique pattern of growth. The lens grows continuously throughout life and pre-existing cells are encapsulated by newly formed fiber cells ([@bib2]) such that the adult lens nucleus is comprised of cells biosynthesized *in utero*.

The composition of human lens membranes is quite different from those of other mammals ([@bib6]), possibly reflecting our long lifespan. In human lenses, sphingomyelins are more abundant than glycerophospholipids ([@bib5]). The chemical stability of sphingomyelins is illustrated by the fact that they have been discovered, intact in a 40,000-year-old woolly mammoth ([@bib18]). Furthermore, the higher degree of saturation found in sphingomyelins present in the human lens (i.e., predominantly dihydrosphingomyelins), may confer unique chemical and physical stability to the membranes of lens fiber cells ([@bib32]).

The data obtained here on lipid longevity are consistent with the results of quantitative molecular analysis of lipids isolated from human lens nuclei of different ages. In these studies, the total amount of glycerophospholipid classes such as phosphatidylcholines and phosphatidylethanolamines was found to decrease significantly with age, whereas the content of dihydrosphingomyelin and sphingomyelin remained relatively stable ([@bib16]). Presumably, these results reflect the relative chemical stability of the different lipid classes under the conditions experienced within the lens over a lifetime.

These findings reveal that some cells contain long-lived lipids and this discovery may have significant implications for other post-mitotic cells. If other post-mitotic cells contain long-lived lipids, their age-related deterioration may play a significant role in the properties of their respective individual organs, and possibly overall body function. With our aging population and increased prevalence of age-related diseases, a greater knowledge of long-lived biomolecules and their gradual deterioration is imperative.

Materials and methods {#s3}
=====================

Materials {#s3-1}
---------

HPLC-grade chloroform and methanol were purchased from Crown Scientific (Moorebank, NSW, Australia). Analytical-grade sodium chloride and a Bicinchoninic Acid (BCA) assay kit were purchased from Sigma Aldrich (Sydney, NSW, Australia).

Labware treatment {#s3-2}
-----------------

Glassware and stainless steel utensils were used throughout and were washed several times with 5% nitric acid, rinsed with deionized water, and dried at 70°C. Quartz tubes for lipid collection and combustion were baked before use at 600°C in a stream of pure oxygen for at least 4 hr.

Lipid extraction and AMS analysis {#s3-3}
---------------------------------

All work was approved by the human research ethics committees at the University of Sydney (\#7292) and the University of Wollongong (HE 99/001). The nuclear regions of human lenses (n = 23) were obtained using a 4.5-mm trephine as described previously ([@bib10]). Donor year of birth was determined from Sydney Eye Bank records. Following dissection, each lens nucleus was homogenized in 1 ml of chloroform:methanol (2:1 vol/vol), and lipids were extracted according to [@bib9]. The chloroform phase containing lipids was transferred into the baked quartz combustion tubes.

Chloroform was removed by evaporation in a water bath at ∼50°C followed by drying under vacuum. Copper (II) oxide and silver wire that were previously pre-baked in oxygen were then added to the tubes, which were subsequently flame sealed. Lipids were then combusted in sealed tubes at 900°C overnight. CO~2~ was collected from the breakseals and dried by passing through a cryotrap (−78°C). The amount of CO~2~ was determined and transferred into the small volume graphitization apparatus for graphite target production. ^14^C/^12^C isotopic ratios were measured on the Small Tandem for Applied Research (STAR) accelerator, which has greater than 0.5% precision for samples above 50 μg. Typical sample sizes were in the range of 70--120 μg of carbon. As the small weight of each sample made them susceptible to contamination, blanks that were subjected to the same procedural steps as the lens samples (including extraction steps) were processed with each batch of samples. Blanks produced a residual solvent carbon mass of 10--20 μg following evaporation and were measured for radiocarbon on the Australian National Tandem for Applied Research (ANTARES) accelerator ([@bib8]), which provides greater accuracy for samples less than 50 μg carbon.

The isotopic ratio of ^14^C/^12^C or ^14^C/^13^C in samples was determined and normalized on the internationally agreed standard reference materials, oxalic acid I and oxalic acid II. Raw data were corrected for background count rate in the AMS instruments by measuring radiocarbon-free unprocessed commercial graphite and geological Ceylonese graphite. Each lens sample measurement was corrected for the mass of blanks as previously described ([@bib15]). Each batch of samples (approximately 5--6 samples per batch) was processed on different CO~2~ handling lines, resulting in variations in the precision of radiocarbon content that was measured. All procedures were initially optimized using bovine lens lipid extracts.

Calendar dates were obtained by calibrating the radiocarbon determinations with the online version of the CALIbomb software ([@bib1]) using the southern hemisphere data sets for the bomb pulse ([@bib14]) and the tree ring southern hemispheric curve for data points prior to the 1950s ([@bib13]).

To ascertain whether the presence of lipids in solution could result in the retention of solvent, a separate batch of samples and blanks was processed with ^13^C-enriched methanol. Solvent mixtures with ^13^C enriched to 10% methanol (corresponding to +900‰ δ^13^C) were prepared. Lipids were extracted following standard procedures in parallel with unlabeled solvents and their δ^13^C determined by Isotope Ratio Mass Spectrometry (IRMS). While both δ^13^C results were in the normal range of −20 to −24‰, a small enrichment was observed at −22.7 ± 0.1 and −21.2 ± 0.7‰ for unlabeled and labeled solvents, respectively. Should these values represent isotopic exchange or retention of solvent by lipids, the carbon weight fraction of this contamination would be ∼0.013% and is therefore negligible.

Residual protein determination {#s3-4}
------------------------------

Lipid extracts (n = 5) were dried under a stream of nitrogen at 37°C and reconstituted in 100 μl phosphate buffered saline. The amount of protein in each sample was determined using a standard BCA assay as described previously ([@bib27]) and calculated as a fraction of the total amount of lipid in the extract.
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Thank you for sending your work entitled "Lipids for life: no turnover in lens lipids for the entire human lifespan" for consideration at *eLife*. Your article has been favorably evaluated by a Senior editor, a Reviewing editor, and 3 reviewers, one of whom, David Beebe (Reviewer \#1), has agreed to reveal his identity.

The Reviewing editor and the reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

Three experts carefully reviewed the manuscript. The reviewers found the work interesting and their comments are appended below. Please revise the manuscript as you see fit and we look forward to receiving the final version.

*Reviewer \#1*:

This is a carefully performed and convincing study showing that the lipids of the lens nucleus do not turn over during the human lifetime. Potential confounders are examined and proper controls are in place to support this conclusion.

This result is not surprising, given the known metabolic inactivity of mature lens fiber cells. At the end of lens fiber cell differentiation the synthesis of new proteins ceases and existing proteins remain at body temperature for years until they are degraded or lose their metabolic function. The authors raise the possibility that long lived lipids accumulate in other tissues and may be harmful. While this may be possible, it is simply speculation. They provide no information that the long-lived lipids in the lens are harmful or that similar compounds accumulate in other tissues.

*Reviewer \#2*:

This paper examines the turnover of lipids in human eye lens nucleus. I think the paper is well written, presents important findings, and is largely ready for publication. \[Editors' note: Reviewer \#2 minor comments are not shown.\]

*Reviewer \#3*:

The authors carried out measurements of ^14^C levels in lipids extracted from nuclei of human lenses and conclude that there is no turnover of lipids. The authors conclude that there is negligible turnover of lipids during the human lifespan. The conclusions are supported by the data and are in agreement with previous observations documenting the lack of turnover of insoluble proteins in the lens nuclei. Although a comparison of lipid turnover in various sites of the body is not provided, these findings showing such a lack of lipid turnover are significant.

I am wondering if the authors have done any "peeling" type of experiments (similar to those described by Stewart et al.) to measure f^14^C values across the oldest cells in the center and the younger cells at the periphery. If yes, the results would be informative for the readers and could be included.
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Author response

Reviewer \#1:

*This result is not surprising, given the known metabolic inactivity of mature lens fiber cells. At the end of lens fiber cell differentiation the synthesis of new proteins ceases and existing proteins remain at body temperature for years until they are degraded or lose their metabolic function. The authors raise the possibility that long lived lipids accumulate in other tissues and may be harmful. While this may be possible, it is simply speculation. They provide no information that the long-lived lipids in the lens are harmful or that similar compounds accumulate in other tissues*.

We are not suggesting that long-lived lipids are harmful, quite the opposite in fact, i.e. lipids that are not turned over will break down over time and lose their function.

Accordingly, we have reworded this sentence to make our intended commentary clearer (Results and Discussion section):

"If other post-mitotic cells contain long-lived lipids, their age-related deterioration may significantly impact on the function of surrounding tissue; and possibly even overall body function."

Reviewer \#3:

*The authors carried out measurements of* ^*14*^*C levels in lipids extracted from nuclei of human lenses and conclude that there is no turnover of lipids. The authors conclude that there is negligible turnover of lipids during the human lifespan. The conclusions are supported by the data and are in agreement with previous observations documenting the lack of turnover of insoluble proteins in the lens nuclei. Although a comparison of lipid turnover in various sites of the body is not provided, these findings showing such a lack of lipid turnover are significant*.

*I am wondering if the authors have done any* "*peeling*" *type of experiments (similar to those described by Stewart et al.) to measure f*^*14*^*C values across the oldest cells in the center and the younger cells at the periphery. If yes, the results would be informative for the readers and could be included*.

While systematically determining lipid turnover across the entire thickness of the lens would be interesting the primary intention of this paper was to demonstrate the longevity of lipids (thus focusing on the nucleus). We did not attempt an investigation into the turnover of lipids across an individual's lifetime, which would require the "peeling" method or something similar. Nevertheless, we did collect some preliminary data from a single human lens cortex and found that the f^14^C levels corresponded to an approximate average of the individual's lifespan. Although it is not possible to draw strong conclusions from such a small data set, the preliminary findings suggest that lipid turnover across the lens follows a similar pattern to proteins as reported by Stewart and colleagues.
